ABSTRACT. Cysteine-rich polycomb-like protein (CPP-like) genes are a group of transcription factors with highly conserved cysteinerich domains and are widely distributed in animals and plants, but do not present in yeast. Previous studies have shown that members of this family play important roles in the development of reproductive tissue and in the control of cell division in plants. In this study, whole genome identification of soybean CPP transcription factors was performed using bioinformatic methods. The results showed that there were 20 CPP transcription factors in the soybean genome, In silico analysis of soybean CPP-like gene family which encoded for 28 distinct CPP proteins. These transcription factors were distributed on 16 of 20 chromosomes. Phylogenetic relationship analysis showed that expression of CPP gene family members occurred before the differentiation of monocotyledons and dicotyledons. RNA-Seq analysis showed that 5 genes were highly expressed in all tissues, including Glyma10g39080, Glyma01g44670, Glyma101g66920, Glyma02g01540, and Glyma20g28740. One gene (Glyma14g14750) was specifically expressed in young leaves, while 2 genes (Glyma02g01540 and Glyma10g01580) were highly expressed in root nodules. Quantitative reverse transcriptasepolymerase chain reaction analysis revealed that the expression levels of most genes increased in the roots under high temperature stress. Our findings indicate that these genes are not only involved in growth and development, but also in the responses to high temperature stress in soybean roots.
ABSTRACT. Cysteine-rich polycomb-like protein (CPP-like) genes are a group of transcription factors with highly conserved cysteinerich domains and are widely distributed in animals and plants, but do not present in yeast. Previous studies have shown that members of this family play important roles in the development of reproductive tissue and in the control of cell division in plants. In this study, whole genome identification of soybean CPP transcription factors was performed using bioinformatic methods. The results showed that there were 20 CPP transcription factors in the soybean genome,
INTRODUCTION
Transcription factors can regulate gene expression at the mRNA transcription level. The cysteine-rich polycomb-like protein (CPP)-like gene family is a group of transcription factors present in animals and plants, but not in yeast. CPP transcription factors are a small gene family and the typical sequence consists of 1 or 2 cysteine-rich domains, known as CXC domains. CXC domains and the sequences connecting them are highly conserved in nearly all species (Riechmann et al., 2000; Andersen et al., 2007) . CPP transcription factors have been found to have various functions in many plant species. The first CPP transcription factor, TSO1, was identified using map-based cloning in the model plant Arabidopsis thaliana and its functions were detected through mutant screening (Hauser et al., 1998 (Hauser et al., , 2000 Song et al., 2000) . The transcript of the TSO1 gene was most abundant in flowers, although the highest level was observed in developing ovules and microspores. tso1 mutants show a loss of control of directional cellular expansion and coordination of adjacent cell growth, as well as defects in karyokinesis and cytokinesis (Hauser et al., 1998 (Hauser et al., , 2000 Song et al., 2000) . In soybean, CPP1 interacts with the promoter of the soybean leghemoglobin gene Gmlbc3 to regulate its gene expression (Cvitanich et al., 2000) . In addition, previous studies showed that the CPP gene family can bind DNA via their CXC domains to regulate gene expression (Hauser et al., 2000) .
Soybean is a crop of global importance and is one of the most widely cultivated crops worldwide. Genome sequencing of soybean was recently completed (Schmutz et al., 2010) . This provides a basis for identifying and analyzing the gene family at the genomic level. In the present study, the CPP gene family was identified using bioinformatic approaches and analyzed using a combination of chromosome mapping, phylogenetic relationship analysis, and gene expression analysis. These results will provide a foundation for further identification of plant CPP gene function.
MATERIAL AND METHODS
Plant material, extraction of RNA, and cDNA synthesis A soybean inbred line (0086-2) was used in the present study. Seedlings were planted in potted trays after accelerating germination. Heat treatment was conducted on the soybean plants at 42°C during 4 leaf stages and samples were collected 0, 1, 2, 6, 12, and 24 h after heat treatments. Three biological replicates were performed for each time point. Roots were collected and immediately frozen in liquid nitrogen and stored at -80°C for subsequent RNA extraction. Total RNA from all samples was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) according to manufacturer instructions and then treated with DNaseI (Promega, Madison, WI, USA) to remove any traces of genomic DNA. First-strand cDNA syntheses were performed using the PrimeScript 1st Strand cDNA Synthesis Kit (TaKaRa, Shiga, China).
Sequence retrieval and chromosomal distribution of soybean CPP genes
CPP gene family members in soybean and Arabidopsis thaliana were identified from databases (http://www.soybase.org/ and http://datf.cbi.pku.edu.cn/). To identify soybean CPP genes, the amino acid sequence of A. thaliana CPP gene family members was used as a query, and the soybean genome database was retrieved using BLASTP. CXC domains were identified via the Pfam website (http://pfam.janelia.org/) to verify the accuracy of the obtained genes, and the candidates were harvested. Protein molecular weight, isoelectric point, and other parameters were estimated using ProtParam tools (http://www.expasy.org/tools/protparam). Distributions of these CPP genes on each chromosome were determined according to the soybean chromosome genome information (Liu and Meng, 2003) .
Phylogenetic tree
Sequence alignments were conducted using the ClustalX software (Chenna et al., 2003) . The phylogenetic tree was constructed by neighbor-joining using the MEGA 5 software (Tamura et al., 2011) . Bootstrapping (1000 replicates) was used to evaluate the degree of support for a particular grouping pattern in the phylogenetic tree, and nodes with a bootstrap rate less than 50% were removed to display the length of each branch. Branch lengths were assigned by pairwise calculations of the genetic distances, and missing data were treated by pairwise deletions of the gaps.
Expression analysis of GmCPP genes based on RNA-Seq data-Atlas
RNA-Seq data-Atlas from the soybean database (http://www.soybase.org/) was downloaded. The RNA Seq-Atlas presented here provides high-resolution gene expression in a diverse set of 14 tissues, including young leaf, flower, 1-cm pod, pod shell 10 DAF (days after flowering), pod shell 14 DAF, seed 10 DAF, seed 14 DAF, seed 21 DAF, seed 25 DAF, seed 28 DAF, seed 35 DAF, seed 42 DAF, root, and nodule. Expression levels for each GmCPP were obtained and MeV was used for the heat map (Saeed et al., 2003) .
Expression analysis of GmCPP genes under drought treatment
Specific primers were designed using the BioXM2.6 software according to the encoded domain sequences of the CPP transcription factors (Table 1) . Elongation factor-1α (Go479260) was selected as an internal control. Real-time quantitative reverse transcription-polymerase chain reaction (qPCR) was conducted using an Applied Biosystems StepOne Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) and SsoFast EvaGreen Supermix (BioRad, Hercules, CA, USA). The total reaction volume was 20 mL, which included 10 mL SYBR premix Ex Taq TM (2X) mixture, 1 mL cDNA (diluted 10 times), 0.4 mL upstream primer (10 mM), 0.4 mL downstream primers (10 mM), and 8.2 mL ddH 2 O. The reaction was performed with the following cycling profile: 95°C for 30 s, 40 cycles at denaturation at 95°C for 5 s, and 60°C for 30 s. Three technical replicates were performed for each sample. The calculation of gene expression levels followed the 2 -DDCt method described by Livak and Schmittgen (2001) .
RESULTS

Identification of CPP gene family members in soybean
To identify soybean CPP gene family members, systematic analysis was performed in the soybean genome downloaded from a database (http://www.soybase.org/) using the CPP gene family members of the 2 model plants rice and A. thaliana as queries. A total of 20 CPP gene family members were identified (GmCPP1-GmCPP20), which encoded 28 proteins. Large length variations in the amino acids (aa) of these genes were found from 108 aa (GmCPP18) to 897 aa (GmCPP17), and the molecular weights were between 11.9-97.61 kDa. However, variations in the isoelectric points of these proteins were relatively small, between 5.21 (Glyma14g14750.3) and 8.73 (Glyma01g39490.1) ( 
Construction of the phylogenetic tree of soybean CPP proteins
To analyze the evolutionary relationships between members of the soybean CPP gene family, CPP proteins of 2 model plant species (rice and Arabidopsis) were selected for the construction of a phylogenetic tree (Figure 1) . The CPP gene family members of the 3 species were divided into Group A, Group B, and Group C. Group A and Group B included members from the 3 species, while Group C only contained soybean CPP proteins. No orthologous proteins were identified in the clustering tree, but 15 pairs of paralog proteins were found between species, including AtCPP1, AtCPP7, AtCPP4, and AtCPP6 of A. thaliana, OsCPPP2, OsCPPP7, OsCPPP6, OsCPPP4, OsCPPP5, OsCPPP10, OsCPPP3, and OsCPPP11 of rice, and GmCPP6, GmCPP9.2, GmCPP8.1, GmCPP10, GmCPP5, GmCPP7, GmCPP16.1, GmCPP17.1, GmCPP2.1, GmCPP13, GmCPP11, GmCPP20, GmCPP1, GmCPP14, GmCPP3, GmCPP12.1, GmCPP4, and GmCPP15 from soybean. Nine pairs of paralog genes of soybean were located on different chromosomes. Neighbor-joining phylogenetic tree of CPP proteins from soybean, Arabidopsis, and rice. The phylogenetic tree was constructed using the Mega5.0 software based on full-length amino acid sequences from soybean, Arabidopsis, and rice. The tree was divided into 3 classes with a total of 47 proteins, including Group A, Group B, and Group C. The numbers are bootstrap values based on 1000 replicates.
Chromosomal locations of GmCPP gene family members
Distribution pattern diagrams of CPP genes on chromosomes were drawn according to soybean genome information (Figure 2) . All soybean CPP genes were located on soybean chromosomes, but no CPP genes were found on chromosomes Chr12, Chr13, Chr15, and Chr16. There was only 1 CPP gene distributed on Chr02, Chr03, Chr04, Chr05, Chr06, Chr07, Chr08, Chr09, Chr14, Chr17, Chr18, Chr19, and Chr20. Two CPP genes were located on chromosome 01 and 10. Three CPP genes were distributed on chromosome 11. Most genes were located at the ends of the chromosomes.
Expression analysis of soybean CPP gene based on RNA-Seq datas
To analyze the expression pattern of CPP genes, RNA-Seq expression data of soybean CPP genes were used. A total of 14 tissues were obtained, including young leaf, flower, 1-cm pod, pod shell 10 DAF, pod shell 14 DAF, seed 10 DAF, seed 14 DAF, seed 21 DAF, seed 25 DAF, seed 28 DAF, seed 35 DAF, seed 42 DAF, root, and nodule. Figure 3 shows that 5 genes (Glyma03g38321, Glyma04g08670, Glyma07g09380, Glyma11g07150, and Glyma19g40430) were not expressed in various tissues. Five genes (Glyma10g39080, Glyma01g44670, Glyma11g66920, Glyma02g01540, and Glyma20g28740) were highly expressed in young leaves, flowers, 1-cm pod, 10 DAF pod, and seeds. Glyma14g14750 showed low expression levels in young leaves, but was not expressed in other tissues. The expression of Glyma20g28740 in seeds was high. Root nodules showed high expression levels of Glyma02g01540, Glyma10g01580, and Glyma20g28740. 
Reverse transcription-qPCR expression analysis of GmCPP genes
Reverse transcription-qPCR was employed to analyze the expression of the 20 GmCPP to determine whether the soybean CPP transcription factors were expressed in the roots and to determine the effects of CPP transcription factor expression on the drought stress response (Figure 4) . Our results showed that 18 GmCPP transcription factors had transcriptional activity in soybean roots, except for GmCPP03 and GmCPP07. Under drought stress, these transcription factors had different expression patterns. Expressions of most genes were up-regulated. Expression of GmCPP04, GmCPP15, and GmCPP19 was the highest after 24 h drought treatment. Expression of GmCPP09 peaked at 6-h drought treatment, while the expression levels of other genes were relatively low. 
DISCUSSION
In the present study, 20 CPP transcription factor family members were identified from the soybean genome database using bioinformatic methods. These members encoded 28 CPP proteins and all contained highly conserved CXC domains. Construction of a phylogenetic tree is helpful for not only analyzing evolutionary relationships of genes, but also researching orthologous genes between species and paralog genes within species. In this study, a total of 47 CPP proteins in Arabidopsis, rice, and soybean were used to construct a phylogenetic tree (Figure 1 ), which showed that the CPP gene families in each species could be divided into 3 groups (A, B, C). The CPP transcription factors of soybean were distributed in the 3 groups, while CPP transcription factors in Arabidopsis and rice were present only in Groups A and B, indicating that Group C may be specific for soybean CPP transcription factors, and that formation of the basic features of this gene family preceded the differentiation between monocotyledons and dicotyledons.
No orthologous genes were identified in the present study. However, 15 pairs of paralog CPP genes were found in soybean, Arabidopsis, and rice genomes, indicating that these gene families were extended in each species via specific-species manners. This phenomenon has been widely verified in other gene families in plants (Bai et al., 2002; Zhang et al., 2005; Jain et al., 2006) . Paralogous genes typically exhibit different functions, while orthologous genes may retain the same functions (Tatusov et al., 1997) . Many pairs of paralogous genes were found in soybean, suggesting that gene duplications played an important role in the evolution process. Gene duplications play an important role in plant evolution and are the main driving forces of genome evolution (Kent et al., 2003; Zhang, 2003) . In particular, 9 pairs of paralogous genes found in soybean were located on different chromosomes, indicating that the soybean CPP genes might have undergone genome duplication events during evolution.
In addition, this study revealed that soybean CPP genes are not only involved in the growth and development of leaves, roots, root nodules, and other vegetative organs, but also involved in the growth and development of flowers, pods, and seeds, suggesting that these genes play important roles in the growth and development of soybean. Expression of Glyma1g39490 and Glyma1g05760 in various tissues was very similar, indicating that genes in similar groups have similar functions; this provides a foundation for increasing the understanding of CPP gene functions.
The RNA-Seq database was used to analyze the expression of soybean CPP transcription factor genes. Our results revealed that most genes were expressed in different tissues and organs of soybean, indicating that they participate in growth and development. Moreover, except for GmCPP03 and GmCPP07, the remaining 18 CPP genes were all induced by heat shock under drought stress conditions, indicating that these genes are involved in the responses of soybean root systems to high temperature stress and play important roles in regulating heat shock responses.
